We have examined binding of [3H]nitrobenzylthioinosine (NBMPR) 
INTRODUCTION
The entry of nucleosides into mammalian cells is a complex process that involves transport systems of several types (for reviews, see [1] [2] [3] [4] ). There are two equilibrative and at least two concentrative nucleoside transport (NT) systems. The equilibrative sensitive (es) system (nomenclature of Vijayalakshmi & Belt [5] ) is inhibited by nanomolar concentrations of the nucleoside analogue nitrobenzylthioinosine (NBMPR), and the equilibrative insensitive (ei) system is unaffected by NBMPR concentrations below 1 ,UM. The concentrative Na+-dependent NT systems, first identified in kidney and intestinal tissues [6, 7] and more recently in blood cells and leukaemic cell lines [8] [9] [10] , are insensitive to NBMPR and differ in their substrate specificities [5, 11] .
The best-characterized NT systems are the es transporters of erythrocytes. In human erythrocytes, NBMPR binds with high affinity (Kd 1 nM) to a single population of transport-inhibitory sites (1.1 x 104 per cell) on the surface of the plasma membrane [12, 13] . Exposure of site-bound [3H]NBMPR to high-intensity u.v. light results in covalent labelling of NBMPR-binding glycoproteins, which migrate on SDS/polyacrylamide gels in the 'band 4.5 ' region (nomenclature of Steck [14] ) with an apparent Mr of 55 000 [15] . The abundance of NBMPR-binding sites varies greatly in erythrocytes from one species to another [16] , with Bmax values ranging from 2 x 104 sites per erythrocyte in rabbits to just 27 binding sites per erythrocyte in guinea pigs. Among a group of mammalian erythrocytes that exhibit only es NT activity, uridine influx rates are proportional to cellular abundance of NBMPR-binding sites, and the ratios of Vm.ax to Bmax values are constant [16] . NBMPR-binding proteins purified from human erythrocytes confer both uridine transport and NBMPR-binding activities when reconstituted in unilamellar-phospholipid vesicles [17] , indicating that the NBMPR-binding protein is the es transporter.
High-affinity NBMPR-binding sites (usually about 105 sites per cell) have also been detected on membranes of many cultured cell lines, and it has been assumed that these sites represent functional es transporters, similar to those of erythrocytes. Although there are exceptions [18] , most cell lines exhibit concentration-effect relationships for inhibition of NT activity by NBMPR that are biphasic, indicating the presence of NT processes that are insensitive to NBMPR. The co-existence of es NT activity with ei and/or other NBMPR-insensitive NT activities has made it difficult to establish the extent to which the es transporters of such cell lines resemble transporters of erythro- placental trophoblasts [19] , has been studied mainly as a model for differentiation of syncytiotrophoblasts from cytotrophoblasts. Proliferating BeWo cultures are predominantly (96-99 %) small mononuclear cells, morphologically and functionally similar to cytotrophoblasts in utero. Exposure of BeWo cultures to methotrexate inhibits proliferation and induces differentiation into large multinucleated syncytiotrophoblastic cells [20] , which express high levels of choriogonadotropin, lactogen and other placental hormones [21] . BeWo cells have also been used as a model system to study transferrin-mediated uptake and release of iron from maternal to fetal blood [22] .
Preliminary experiments in our laboratory [23] suggested that the NBMPR-binding activities of BeWo cells are considerably higher than those of other cultured cell types. This work was undertaken first to quantify the capacity of BeWo cells to bind NBMPR and then to establish if the large numbers of NBMPRbinding sites are associated with elevated 'NBMPR-sensitive' NT activity, as would be expected for an erythrocyte-like es transporter. Binding of [3H]NBMPR was examined under pseudo-first-order conditions to adherent cultures and membrane preparations of BeWo cells and, for comparison, cells of another human line (HeLa cervical carcinoma) previously shown to exhibit NBMPR-sensitive NT activity [24] . NBMPR-bindingsite densities were quantified in both cell types, and, since BeWo cells exhibited two populations of binding sites, the effects of several NT inhibitors and permeants on NBMPR binding to BeWo cells were assessed in an attempt to determine if the two populations were related with respect to their interaction with other ligands. BeWo membranes were photolabelled with [3H]NBMPR and analysed electrophoretically to determine if there were also two populations of NBMPR-binding polypeptides. Finally, the kinetics of thymidine influx in BeWo and HeLa cells were compared, by using concentration-effect relationships for NBMPR inhibition to estimate the proportion of transport that occurred via the es NT system. We report here results that demonstrate (i) high NBMPR-binding capacity and NBMPR-sensitive thymidine transport activity in BeWo cells, relative to HeLa cells, and (ii) the first demonstration of multiple NBMPR-binding sites in cells with NBMPR-sensitive NT activity.
MATERIALS AND METHODS

Cell culture
The origin and characteristics of human choriocarcinoma (BeWo) cells have been described [19, 25] . HeLa S3 cells were obtained from the American Type Culture Collection (Rockville, MD, U.S.A.). Cultures were initiated from frozen stocks that were free of Mycoplasma, as determined with the Mycoplasma detection kit (Gen-Probe Inc., San Diego, CA, U.S.A.), and were routinely re-started from frozen stocks after [30] [31] [32] [33] [34] [35] [36] 
Preparation of membranes
Fractions enriched in plasma membranes were prepared from trypsin-treated cultures of BeWo and HeLa cells by differential centrifugation [26] . Briefly, cells were disrupted by sonication in the presence of phenylmethanesulphonyl fluoride, the lysates were fractionated in a 20 % Percoll gradient and the resulting preparations (enriched in plasma membranes) were washed twice (40000 g, 15 min, 4°C) in 50 mM-Tris/HCl (pH 7.4) to remove Percoll. Protein content was measured by the Lowry protein assay [27] .
NBMPR binding by intact cells
Binding ofNBMPR was determined at 22°C by using replicate adherent cultures (3 per condition) that were grown in 60 mm culture dishes as described above. Cultures were cooled to room temperature and rinsed twice with fresh 'cell-binding medium', which consisted of RPMI 1640 (without bicarbonate) supplemented with 9.6 mM-NaCl, 5 mM-glucose and 20 mM-Hepes (pH 7.4). [G-3H]NBMPR was dissolved in cell-binding medium and used at concentrations between 1 and 25 nm. Binding assays were initiated by addition of [3H]NBMPR (2 ml/dish or, in some experiments with BeWo cells, 10 ml/dish) in the absence or, to determine non-specific binding, in the presence of an excess (10/laM) of either non-radioactive NBMPR or the competing ligand nitrobenzylthioguanosine (NBTGR). Cultures were incubated at room temperature for intervals that ranged from 10 min to 4 h, and the binding assays were ended by removing the medium by aspiration. The cells were drained, air-dried and solubilized by treatment with 0.5 M-KOH (1 ml/dish) for 1 h at 37°C or, where indicated, rinsed once with 2 ml of phosphatebuffered saline, air-dried and solubilized. Phosphate-buffered saline consisted of 137 mM-NaCl, 5.36 mM-KCl, 1.1 mM-KH2PO4 and 1.1 mM-Na2HPO4 (pH 7.2). Cell-associated radioactivity was determined by liquid-scintillation counting of 200,u1 samples mixed with 8 ml of xylene/Triton X-100 scintillant [28] . Free NBMPR was determined from the radioactivity present in the media at the end of the binding assays. Protein content was determined by using the Bio-Rad microassay on 10-,u samples of KOH-solubilized cells that had been neutralized with 0.5 vol. of 1.0 M-HCI. 5 mM-glucose and 130 mM-NaCl, and, in experiments that assessed the Na+-dependence of thymidine transport, NaCl was replaced with 140 mM-choline chloride. Each culture was processed individually, and metronome timing was used for uptake intervals of > 3 s. The growth medium was removed by aspiration just before the assay, which was initiated by rapid addition of transort medium that contained various concentrations of [3H]thymidine (10-400 /tM, 2 #Ci/ml). Transport assays were stopped by aspiration of the medium, followed immediately by immersion of the culture dish in a large volume of ice-cold phosphate-buffered saline that contained 100 /LMdilazep; thisprocedureprovided virtuallyinstantaneous quenching of uptake reactions. The dishes were drained, and the cells were dissolved in 1.25 ml of 0.5 M-KOH at 37°C for 1 h and assayed for radioactivity by liquid-scintillation counting of 0.2-1 ml samples that were mixed with 8 
RESULTS
Time courses of NBMPR binding of adherent cultures
In the binding of NBMPR to cultured cells at 22°C, an equilibrium between cell-associated and free NBMPR is usually achieved within 30 min of incubation [24, 32] . In this work, In the experiments of Fig. 2 , the total number of NBMPRbinding sites in BeWo cells was 27.5 x 106 sites per cell. However, different values for the total number of NBMPR-binding sites were obtained in other equilibrium-binding experiments, which also yielded non-linear Scatchard plots. These differences in abundance of NBMPR-binding sites were shown to be related to the number of BeWo cells present in culture dishes. In Table 1 are summarized results of experiments in which Scatchard analyses were conducted with BeWo cultures established at different culture densities. For both the 'high-affinity' and 'lowaffinity' sites, there was an inverse relationship between the culture density and the number of NBMPR-binding sites, when expressed as the number of sites per cell. Burres & Cass [25, 33] have previously shown that BeWo cells are smaller in more crowded cultures, and, when the data were expressed as the number of sites per mg of protein, the density-dependent differences disappeared, with the total number ranging from 8.0 x 1012 to 9.6 x 1012 per mg of protein.
The Kd values shown in the experiments of [24, 34, 35] . The experiments of Table 2 examined the effects of several NT permeants and inhibitors on specific binding of^1 for 120 min in binding media (10 ml [3H]NBMPR under conditions that saturated both populations of BeWo binding sites. Since the low-affinity sites were 2-fold more abundant than the high-affinity sites, decreases of > 40-50 % in specific binding could only occur if the test ligand blocked binding to both populations. The NT inhibitors (NBTGR, dilazep, dipyridamole) decreased NBMPR binding by 70-100%, suggesting interaction of these agents with the lowaffinity as well as the high-affinity sites. The NT permeants, although present in reaction mixtures at very high concentrations, decreased NBMPR binding only partly and it was not possible to draw conclusions about their interaction with the low-affinity sites. In control experiments that were conducted with HeLa cells, the pattern of inhibition by NT inhibitors and permeants was similar to that reported in previous studies [24, 34, 35] .
The experiments of Fig. 3 examined the concentration-effect relationships for inhibition by dilazep of specific. binding of NBMPR to the high-and low-affinity sites of BeWo cells. Cultures were incubated with [3H]NBMPR at either (i) a subsaturating concentration (1 nM) to assess dilazep inhibition of binding to the high-affinity sites, or (ii) a saturating concentration (25 nM) to assess dilazep inhibition ofbinding to both populations of sites. Both inhibition curves were monophasic, with complete inhibition of high-affinity binding and total binding at 0.1 and 1.0 /LM respectively. Binding at the lower concentration of NBMPR was more sensitive (roughly 10-fold) to inhibition by dilazep than was binding at the higher concentration.
NBMPR binding by plasma membranes
The experiments of Table 3 [36] . Fig. 4 [15, [36] [37] [38] in that they migrated in the band 4.5 region of electrophoretograms with Mr between 45000 and 66000.
Transport of thymidine
To determine if the high NBMPR-binding capacity of BeWo cells was accompanied by high NT activity, thymidine transport rates were determined in both cell types grown at population densities that produced cultures with equivalent amounts of protein. Fig. 5 
NBMPR-sensitive transport of thymidine in BeWo cells
Although BeWo cells possessed a large number of NBMPRbinding sites and transported thymidine at rapid rates, the extent to which thymidine permeation occurs by an NBMPR-sensitive process remained to be established. In the experiment of Fig. 7 , thymidine transport rates were determined in low-density cultures of BeWo cells that had been incubated with graded concentrations of NBMPR for a period of time sufficient to achieve an equilibrium with the NBMPR-binding sites. A large component of transport activity was highly sensitive to NBMPR, with maximum inhibition at 10 nm. Approx. 85 % (about 110 pmol/s per 106) of the thymidine entering BeWo cells was transported by an NBMPR-sensitive route(s), and the concentration of NBMPR that decreased the sensitive component by 50 % (IC50 value) was 1.6 nm. The remaining 15 % (about 20 pmol/s per 106 cells) represented thymidine permeation by an NBMPR-insensitive route(s). 1 Values from [40, 41] .
computing the V.... values in Table 5 , the proportion of total transport represented by the NBMPR-sensitive component was determined from concentration-effect relationships for NBMPR inhibition of NT activity in each of the cell lines.
Since total thymidine transport rates were much decreased in crowded cultures (see Table 4 Absence of Na+-dependent transport of thymidine in BeWo cells Cellular uptake of thymidine by passive diffusion is generally a slow process [42] and seemed unlikely to be responsible for the large component of NBMPR-insensitive uptake seen in BeWo cells in the experiment of Fig. 7 . Also, the NBMPR-insensitive component was blocked by the cold stopping solution that contained dilazep (results not shown). Mediated influx of thymidine that occurred in the presence of NBMPR could be due to transport via (i) equilibrative NBMPR-insensitive processes, (ii) Na+-dependent processes, or (iii) a combination of both. The experiments of Fig. 8 examined the effects of replacing Na+ with choline on the initial rates of uptake of 5 guM-thymidine by BeWo cells in the absence and presence of NBMPR, and on uptake during 30 min incubations (see inset), since low levels of Na+-dependent NT processes are sometimes revealed during longterm uptake assays in the presence of inhibitors of the es transporter [43] . Na+ replacement had no effect on thymidine transport rates in either the absence or presence of NBMPR and, since Na+ replacement also had no effect on long-term uptake of thymidine in NBMPR-treated cells, the insensitive component did not appear to be Na+-dependent. Na+ replacement did result in a decrease in long-term uptake of thymidine in the absence of NBMPR, possibly from indirect effects on thymidine metabolism. DISC-USSION NBMPR is a tight-binding and specific inhibitor of equilibrative transport of nucleosides in mammalian cells that has been used-as a probe to identify transorter proteins in the-membranes of human erythrocytes (for reviews, see [2, 36] ). Among erythrocytes from different species, a higher number of NBMPR-binding sites is associated with a proportionally higher uridine transport activity, and the ratio of values of VmJ.X (uridine zero-trans'influx)
to Bmax (NBMPR-binding sites) remains constant [16] . NBMPRbinding proteins have been shown in reconstitution studies to mediate es NT activity for human erythrocytes [17, 44] , cultured leukaemia (CEM) cells [45] and Ehrlich ascites-tumour cells [46] . For other cell types, the inhibition by NBMPR of equilibrative NT processes, combined with the demonstration of NBMPRbinding polypeptides in plasma membranes by site-specific photolabelling, has provided strongevidence for the idea that NBMPRbinding proteins mediate es NT activity. In such studies, it has usually been assumed that quantification of the total number of NBMPR-binding sites provides an indication of the abundance of es transporter proteins. Exceptions have been observed, as in the recent report of differences in NT activity, without differences in NBMPR-binding activity, between normal and transformed fibroblasts [47] .
In The time courses of association of NBMPR with intact BeWo cells differed from those of HeLa cells when determined under pseudo-first-order conditions. Specific binding of NBMPR occurred slowly and was not complete in BeWo cells until after 1.5-2 h of incubation at 22 C, whereas binding of NBMPR to HeLa cells occurred much more rapidly. The difference in rates of NBMPR binding between BeWo cells and HeLa cells cannot be simply explained by differences in NBMPR uptake (and/or intracellular metabolism), since it was also seen with plasmamembrane preparations; maximum binding to HeLa membranes was achieved within 5-10min, whereas at least 30 min was necessary to reach maximumm binding of NBMPR to BeWo membranes. For HeLa cells, the rapid occupancy ofthe NBMPRbinding sites suggested a superficial location, at or near the cell surface, as has been shown for erythrocytes [48] . Although the basis of the slow occupancy of NBMPR-binding sites of BeWo cells is uncertain, it seems reasonable to speculate that a proportion of the sites may be relatively inaccessible to NBMPR.
Scatchard analyses suggested heterogeneity of the NBMPRbinding sites in BeWo cells. The non-linear plots were consistent with the existence of at least two distinct populations of highaffinity NBMPR-binding sites, although they could also arise from negative co-operativity between binding sites, such that binding to some sites results in decreased binding to other sites. One population of sites bound NBMPR with an affinity similar to that of the binding sites of HeLa cells, whereas the other population bound NBMPR with somewhat lower affinity. Since the second low-affinity population of NBMPR-binding sites has not been described previously, its characteristics were assessed by analysing the ability of other ligands to block binding ofNBMPR to BeWo cells. In a previous study with HeLa cells [24] , binding of NBMPR was almost completely inhibited by low concentrations of dipyridamole (Ki 30 nM) and partially inhibited by uridine (K. 1.7 mM). In the present study, we compared the effects of relatively high concentrations of several NT inhibitors and permeants on NBMPR binding to BeWo and HeLa cells and found no obvious differences between the two cell types. We also determined the concentration-effect relationships for dilazep inhibition of binding of NBMPR to BeWo cells at (i) a subsaturating concentration (high-affinity sites partially occupied), and (ii) a saturating concentration (high-and low-affinity sites completely occupied). The dose-response curves were monophasic, with a difference of about 10-fold in sensitivity to inhibition by dilazep. These results indicated that the low-affinity sites interact with some of the same ligands as the highaffinity sites. [51] , suggesting similarities between the BeWo and erythrocyte proteins. If the binding-site heterogeneity of BeWo cells was due to interaction of NBMPR with different proteins, their differences could not be resolved electrophoretically. It is also possible that NBMPR bound to a protein species that was not photolabelled.
The present results do not establish which population of sites, or to what extent each population of sites, participates in the NBMPR-dependent transport of thymidine by BeWo cells. The NBMPR-inhibition studies demonstrated that 80-85 % of thymidine transport in BeWo cells occurred via NBMPR-sensitive process(es), and the remainder apparently via Na+-independent process(es). To determine the significance of the high number of NBMPR-binding sites in BeWo cells, we compared total and NBMPR-sensitive thymidine transport activity in BeWo and HeLa cells. Although the two cell types exhibited similar Km values (approx. 100 saM) for the NBMPR-sensitive process, the Vmax. value for BeWo cells was much greater than the Vmax value for HeLa cells. The concentration-effect relationship for inhibition of the NBMPR-sensitive component of thymidine transport in BeWo cells exhibited a low IC50 value (1.6 nM), suggesting that the transport inhibition was due to interaction with the highaffinity sites. The functional significance of the low-affinity sites is as yet uncertain.
The NBMPR-insensitive component of thymidine transport in BeWo cells was also large, relative to that of other cell types. Since thymidine transport rates were not dependent on a Na+ gradient, it seems likely that the NBMPR-insensitive component of transport represents ei-mediated process(es), similar to those identified in other cell types [5] . Experiments with a nonmetabolized permeant such as formycin B are needed to demonstrate rigorously the presence of ei activity.
In summary, we have demonstrated that BeWo cells possessed an elevated number of NBMPR-binding sites and exhibited high thymidine transport activity, as compared with HeLa cells (this study) and other cultured cell lines [39] [40] [41] . There appeared to be at least two populations of NBMPR-binding sites in cultured BeWo cells, one with high affinity and the other with low affinity for NBMPR. Since NBMPR interaction with both populations was blocked by other NT inhibitors, including two that are structurally unrelated to nucleosides, it seems likely that the lowaffinity sites are also associated with nucleoside-transporter elements. The IC50 value for NBMPR inhibition of thymidine influx in BeWo cells was closer to the Kd value of the high-affinity sites, suggesting that the low-affinity sites may not represent functional transport elements. The identity of the low-affinity sites was not evident from site-specific photolabelling of plasma membranes, which identified a broadly migrating population of NBMPR-binding polypeptides with electrophoretic mobilities similar to that of the es transporter of human erythrocytes. Further characterization of the low-affinity NBMPR-binding sites is required.
